Abstract Purpose: Most lung cancers with activating epidermal growth factor receptor (EGFR) mutations respond to gefitinib; however, resistance to this tyrosine kinase inhibitor (TKI) invariably ensues. TheT790M mutation occurs in 50% and MET amplification in 20% of TKI-resistant tumors. Other secondary mutations (D761Y and L747S) are rare. Our goal was to determine the effects of erlotinib 150 mg/d in EGFR mutated patients resistant to gefitinib 250 mg/d, because the EGFR TKI erlotinib is given at a higher biologically active dose than gefitinib. Experimental Design: Retrospective review of 18 EGFR mutated (exon 19 deletions, L858R, and L861Q) patients that were given gefitinib and subsequently erlotinib. Seven patients had tumor resampling afterTKI therapy and were analyzed for secondary EGFR mutations and MET amplification. Results: Most patients (14 of 18) responded to gefitinib with median progression-free survival of 11months (95% confidence interval, 4-16). After gefitinib resistance (de novo or acquired), 78% (14 of 18) of these patients displayed progressive disease while on erlotinib with progression-free survival of 2 months (95% confidence interval, 2-3). Six of 7 resampled patients acquired the T790M mutation, and 0 of 3 had MET amplification. Only 1 gefitinib-resistant patient with the acquired L858R-L747S EGFR, which in vitro is sensitive to achievable serum concentrations of erlotinib 150 mg/d, achieved a partial response to erlotinib. Conclusions: In EGFR mutated tumors resistant to gefitinib 250 mg/d, a switch to erlotinib 150 mg/d does not lead to responses in most patients. These findings are consistent with preclinical models, because the common mechanisms of TKI resistance (T790M and MET amplification) in vitro are not inhibited by clinically achievable doses of gefitinib or erlotinib. Alternative strategies to overcomeTKI resistance must be evaluated.
potential patient-tailored therapy in this disease (8 -10) . Largescale sequencing efforts have consistently identified EGFR mutations in an enriched cohort of women, never smokers, adenocarcinomas, and East Asians (11) . The most prevalent EGFR mutations consist of small in-frame deletions around the conserved LREA motif of exon 19 (residues 747-750) followed by a single point mutation (L858R) in exon 21 (12, 13) . Both cell line and mouse models of EGFR mutations show that tumor cells that harbor such mutations are exquisitely sensitive to EGFR inhibition (9, 14, 15) . The aforementioned models have identified that EGFR-driven lung cancers are ''addicted'' to EGFR signaling for their survival and proliferation. More so, EGFR mutations are oncogenic and alter the tyrosine kinase pocket of EGFR to a degree that enhances the sensitivity to ATPcompetitive EGFR inhibitors (16) . Both these factors make EGFR mutated NSCLC more sensitive to EGFR tyrosine kinase inhibitors (TKI).
Retrospective studies of thousands of patients treated with the two currently available anilinoquinazoline small-molecule EGFR TKIs, gefitinib and erlotinib, as second-or third-line therapies in NSCLC (17, 18) , showed that a majority (close to 80%) of patients with classic EGFR mutant tumors attain radiographic and clinical responses to these oral agents. In some series, both PFS and OS were significantly better for EGFR TKI-treated patients with EGFR mutations when compared with wild-type cases (17) . The evaluation of EGFR mutation as a prognostic and predictive marker is NSCLC is under way, with multiple phase II and III trials analyzing this biomarker. Seven prospective phase II trials have evaluated gefitinib monotherapy for patients selected based on their EGFR mutational status (19 -21) . These have confirmed that f75% of patients with L858R or exon 19 deletion mutations achieve responses.
Despite the efficacy of gefitinib monotherapy for EGFRmutant NSCLC, acquired resistance to EGFR TKI therapy is seen in most patients. In almost all prospective trials, the PFS did not exceed 12 months (19) . The secondary resistant T790M mutation (22, 23) arises most often in cis to L858R or exon 19 deletions in f50% of patients with radiographic progression (24, 25) . The acquired amplification of the MET oncogene occurs in f20% of gefitinib/erlotinib-resistant patients and in half of these cases in conjunction with T790M (26, 27) . The mechanisms of resistance in the remaining tumors have not been completely clarified and very few other secondary mutations, such as L858R-D761Y (24) and L858R-L747S (28, 29) , identified in gefitinib-progressive specimens.
The management of this growing population of EGFR TKIresistant NSCLC is not established, but the success of any approach will likely be dependent on the mechanism of acquired resistance of the tumor. In other ''oncogene-addicted'' tumors, such as chronic myeloid leukemia and gastrointestinal stromal tumors, where the BCR-ABL translocation or c-KIT mutations, respectively, make these cancers sensitive to imatinib, it seems that the dose of the TKI matters (30). In both disorders, one clinical step when resistance emerges is to increase the dose of imatinib from 400 to z600 mg/d (31 -33). This dose escalation maneuver is only effective in some patients, possibly by inhibiting secondary mutations with borderline resistance to imatinib or by affecting nonmutation dependent mechanisms, with short periods of disease control (31, 33). Second-generation ABL and KIT inhibitors have gained momentum and recently received Food and Drug Administration approval as alternative therapies (34, 35).
In EGFR mutated tumors, it is unknown if EGFR TKI dose escalations, in the face of acquired or de novo resistance, changes the course of TKI-progressive tumors. To evaluate the efficacy of such approach, we retrospectively studied the course of EGFR mutated patients that first received gefitinib 250 mg/d and on becoming gefitinib-resistant were exposed to erlotinib 150 mg/d. This gefitinib to erlotinib switch is predicted to expose patients to almost double the biologically active dose of an EGFR TKI (36, 37). Because EGFR-T790M and MET amplification lead to high level of in vitro resistance to both gefitinib and erlotinib (22, 27) , we hypothesized that erlotinib should only alter the response of acquired borderline resistant clones carrying the rare L858R-D761Y or L858R-L747S gefitinibresistant mutations.
Materials and Methods
Patient selection. Patients were identified from the databases of five academic medical centers: (a) Beth Israel Deaconess Medical Center, (b) Dana-Farber Cancer Institute, (c) Massachusetts General Hospital, (d) Memorial Sloan-Kettering Cancer Center, and (e) Yonsei University College of Medicine. Inclusion criteria to use the patient's data included signed informed consent for EGFR mutation analysis, an institutional approved protocol for human studies and genomic analysis of stored tumor tissue, a diagnosis of stage IV metastatic NSCLC with a proven EGFR mutation, and the exposure to both gefitinib and erlotinib. Gefitinib at an initial dose of 250 mg/d had to be given as the first EGFR TKI therapy and erlotinib at a starting dose of 150 mg/d subsequently to progression on gefitinib. We did not exclude patients that had received investigational compounds between gefitinib and erlotinib to maximize
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the number of patients identified. Data were collected from the patient's medical records for baseline clinical, demographic, and pathologic characteristics. Radiographic data was reviewed by each center. Portions of the clinical characteristics and response to gefitinib and erlotinib monotherapy in some of these patients have been reported previously by our academic groups (21, 28, 29, 38 -41) .
EGFR genotype in the identified patients. Each institution performed EGFR genotypes using their own protocols as described previously (10, 13, 21, 22, 24, 28, 39, 41) . The methods of DNA and RNA isolation from fresh tissue or paraffin-embedded tissue, and the technique used to enhance tumor-derived DNA, which included either microdissection or use of more sensitive PCR amplification techniques, was left to the discretion of each institution. All protocols either sequenced exons 18 to 21 of the EGFR gene or identified L858R and deletions in exon 19.
In patients who had tumor resampling after progression on gefitinib or erlotinib, DNA or RNA was isolated from the tumor tissue and the EGFR gene was sequenced as above. Specific attention was made to compare results to the original biopsy and identify the exon 20 T790M mutation (22) .
MET amplification analysis. In the tumor specimens that were obtained after progression on TKIs, we attempted to identify the amplification of MET when enough material for studies was available. Levels of MET and endogenous control were evaluated using quantitative genomic PCR methods described previously (26, 27) in DNA samples. Fluorescence in situ hybridization was employed, as described previously (27) , in tumor samples that had paraffinembedded tissue available for analysis.
Treatment schedules, response, PFS assessment, and statistical analysis in the identified patients. All the identified patients had the same initial treatment schedule for gefitinib. This medication was given orally at a dose of 250 mg/d, and gefitinib was used until tumor progression and afterwards continued at the physician's discretion. Erlotinib was given orally at a dose of 150 mg/d and continued until radiographic tumor progression or overt clinical progression. Need for EGFR TKI dose reduction was determined by each treating physician based on the patient's tolerance and side-effect profile.
The objective tumor response was determined by Response Evaluation Criteria in Solid Tumors (42) . It was left at the discretion of each institution and physician to determine when to obtain reimaging radiographs. PFS and OS were calculated from the date of starting the EGFR TKI until the date of radiographic tumor progression or overt clinical progression (for PFS) and death (for OS). PFS and OS estimates were made using the Kaplan-Meier method (43) , and the 95% confidence interval (95% CI) for the median was based on the sign test. Exploratory differences in response rate and PFS were compared by Fisher's exact test and the log-rank test.
Results
Patient characteristics. After a review of EGFR genotyped patients in our centers from 2004 to 2008, we identified 18 EGFR mutated patients that had received gefitinib and erlotinib. Clinical, demographic, pathologic, and molecular characteristics of this cohort are displayed in Table 1 . Sixty-one percent of patients were women (11 of 18) and the majority never smokers (11 of 18) . Ages varied between 43 and 80 years (Table 1) . Almost all (16 of 18) patients had adenocarcinoma as the main histologic type of their tumor. These characteristics are similar to historic cohorts of EGFR mutated tumors (17) . Exon 19 deletion-containing tumors were found in 13 (72%) patients, L858R mutations in 4 (22%) patients, and L861Q in 1 patient (Table 1) .
Of the studied patients, 8 received gefitinib as their first anticancer therapy (44%) and 10 had received platinum-based chemotherapy previously (56%). Most patients (15 of 18, 83%) were not exposed to any other form of therapy between stopping gefitinib and before receiving erlotinib (Tables 1 and 2) .
Initial response to gefitinib 250 mg/d. Fourteen of the 18 (78%) patients had radiographic responses to gefitinib (Table 2) , a number that is compatible with retrospective and prospective data for EGFR mutated patients (11, 19, 44) . Two (11%) patients had stable disease (SD), and another 2 patients had de novo resistance to gefitinib with progressive disease (PD) as best response.
The median PFS was 11 months, with a 95% CI of 4 to 16 months (Fig. 1) . Five patients had responses that lasted more than 16 months ( Table 2 ). All patients eventually displayed radiographic and clinical progression that required discontinuation of gefitinib. PFS was similar between patients that were chemotherapy-naive or had received chemotherapy previously ( Table 2) .
Response to erlotinib 150 mg/d. Patients were given erlotinib at an initial dose of 150 mg/d after their tumors had become gefitinib-resistant. The majority of patients had no additional systemic therapy between gefitinib and erlotinib ( Table 1) .
Fourteen of the 18 (78%) patients had PD as the best response to erlotinib monotherapy, an additional 3 (16%) patients had brief periods of SD as best response, and only 1 (6%) patient had a radiographic partial response (PR ; Tables 2  and 3) .
Median PFS was 2 months, with a 95% CI of 2 to 3 months (Fig. 2) . Only 2 (11%) patients, one each with PR and SD, remained on erlotinib without progression for over 5 months and no patient had a PFS of over 6 months ( Table 2) . PFS was similar for patient that had or had not received chemotherapy Table 2) . Four of 14 (29%) gefitinib responders had PR or SD after erlotinib compared with 0 of 4 gefitinib nonresponders. All 4 of the gefitinib nonresponders progressed on erlotinib by 2 months, whereas half of the gefitinib responders had not progressed by 2 months.
EGFR resequencing after progression on EGFR TKI therapy and subsequent response to erlotinib. Seven of the 18 patients had their tumors sampled after progression on EGFR TKI therapy: 3 after gefitinib therapy and the other 4 after gefitinib and erlotinib. Of these patients, 6 of 7 (86%) had acquired the T790M EGFR mutation in association with their initial activating exon 19 deletions. Five of the 6 (83%) T790M-carrying tumors displayed PD to erlotinib therapy (Table 2) . One patient with exon 19 deletion (delE746-A750)-T790M had 6 months of SD on erlotinib; however, because a biopsy was obtained after gefitinib and erlotinib, we cannot excluded the possibility that T790M was acquired while on erlotinib therapy.
One patient had acquired the L747S secondary mutation in association with the activating L858R EGFR after exposure to gefitinib. The patient carrying L858R-L747S had a partial radiographic response to erlotinib 150 mg/d that lasted 6 months ( Table 2) .
MET amplification after progression on EGFR TKI therapy. Of the 7 patients that had their tumors sampled after progression on EGFR TKI therapy, 3 had sufficient material for analysis of MET amplification. None of these 3 had amplification of the MET oncogene. Patients 2 and 18 were analyzed by quantitative PCR methods and patient 6 was analyzed by fluorescence in situ hybridization (Table 2) .
OS from start of gefitinib. The median OS of all 18 patients from start of gefitinib therapy to death was 30 months, 95% CI of 19 to 39 months. This is similar to OS reported for other series of EGFR mutated patients (17, 19) .
Discussion
EGFR mutated cancers comprise a subset of NSCLC that are intrinsically sensitive to small-molecule EGFR inhibitors (12, 15, 17) . The current clinical experience with the use of gefitinib and erlotinib in EGFR mutated patients indicates that exon 19 deletion and L858R-bearing tumors commonly display radiographic responses to these drugs with disease control durations that sometimes reach a year or longer (17, 19) . Despite this unprecedented disease control rate, acquired resistance to EGFR TKIs invariably develops over the course of therapy and is becoming the main obstacle for management of this patient population (12) . The first mechanism of acquired resistance described was the acquisition of the T790M EGFR mutation (22, 23) . The methionine residue at position 790 generates a bulkier side chain that either affects binding of TKIs or enhances the affinity of the EGFR tyrosine kinase pocket to ATP, and this enhanced ATP affinity decreases the effective binding of gefitinib and erlotinib to the tyrosine kinase pocket of EGFR (22, 45) . There is a great deal of similarities among structures of tyrosine kinase receptors and some analogous acquired resistance mutations fall exactly in the same amino acid residue. This is the case of the T315I, T670I, and T790M mutations in ABL1, KIT, and EGFR, respectively, in chronic myeloid leukemia, gastrointestinal stromal tumors, and EGFR mutated NSCLC (46) . Our groups have shown in multiple in vitro and in vivo models that T790M in cis to an activating mutation (either L858R or exon 19 deletions) negates the sensitivity to achievable doses of gefitinib or erlotinib (23, 38). In addition to secondary EGFR mutations, another mechanism of acquired resistance is an ''oncogene switch'' model. Our groups have recently shown that the acquired amplification of the MET oncogene occurs in f20% of EGFR mutated patients with acquired resistance to gefitinib or erlotinib (26, 27) . MET couples with other ErbB members and activates downstream signals that bypass the inhibited EGFR (27, 47) . The in vitro resistance to erlotinib and gefitinib in this model was also in the range of 5 to 10 Amol/L. Dual inhibition of EGFR and MET with TKIs is able to overcome MET amplified EGFR TKIresistant tumors (27) . Of interest, in almost half of the patients with MET amplification, T790M was identified either in the same biopsy specimen or in biopsy specimens from other sites within the patient (26, 27) . This indicates that T790M will continue to be the most prevalent form of EGFR TKI resistance. Other oncogenes, such as the insulin-like growth factor-I receptor, may also play a role in resistance to EGFR TKIs in non-EGFR mutated cells (48) . Despite a rapidly growing understanding of the molecular mechanisms of acquired resistance to EGFR inhibitors, there is no standard therapy for the expanding number of EGFR mutated tumors that become resistant to gefitinib. Because, in an unselected population of platinum-refractory NSCLC patients, gefitinib was not statistically better than placebo in controlling disease progression (49), the Food and Drug Administration restricted its use for Table 2 . Clinical, pathologic, demographic, and molecular characteristics, response to therapy, PFS, and OS in the studied patients (Cont'd) Research.
on April 13, 2017. © 2008 American Association for Cancer clincancerres.aacrjournals.org Downloaded from patients previously benefiting from treatment or participating in clinical trials. Nonetheless, in the same phase III trial, the never smoker and Asian group of patients had a clear clinical benefit (49) . Gefitinib continues to be widely used in East Asian countries and in EGFR genotyped patients (19, 50) . Erlotinib is approved for use in unselected patients after failure of platinum-based therapy (7), and it, like gefitinib, has excellent efficacy in EGFR mutated patients in retrospective and prospective series (12, 17) .
One question that remains unanswered is if gefitinibresistant EGFR mutated patients could benefit from a switch to erlotinib. To address this, we retrospectively analyzed the clinical course of 18 EGFR mutated NSCLC that were treated with gefitinib and, on resistance, erlotinib. The patient characteristics, type of EGFR mutations (almost all had L858R or exon 19 deletions), and initial response to gefitinib 250 mg/d were consistent with previous experience in EGFR mutated patients (17, 19) . Our clinical observation was that the majority (>83%) of the gefitinib-resistant patients given erlotinib 150 mg/d had radiographic progression within the first 2 to 4 months of exposure. This is consistent with our preclinical observations, because we expected gefitinib-resistant tumors to predominantly harbor T790M and/or MET amplification, which are cross-resistant to both EGFR TKIs as described above.
We had a second biopsy specimen in 7 of the 18 patients, and in 6 of them, the T790M secondary mutation was identified together with the initial activating exon 19 deletion. None of the 3 patients analyzed had MET amplification (Table 2) . Almost all of these gefitinib-resistant patients had rapid progression on erlotinib. Only 1 patient achieved a partial radiographic response on switching to erlotinib (29) . This patient had acquired the rare L747S mutation after exposure of the initial L858R-carrying tumor to gefitinib. As reported previously by our group, L858R-L747S is less sensitive to gefitinib and erlotinib than L858R in vitro (28) . However, this compound mutation can be inhibited by increasing concentrations of gefitinib or erlotinib at a level that is clinically achievable for the later drug (29). We were not able to measure pharmacokinetic variables of either gefitinib or erlotinib during the course of therapy in this patient; however, the observed skin-related side effects (rash and pruritus) while on erlotinib 150 mg/d exceed in grade the effects while the patient was on gefitinib 250 mg/d (29) , likely indicating a higher biologically active dose of the former compound in this individual. However, even in this patient, the duration of response was relatively short and radiographic progression was noted after 6 months. Further biopsies were not available to test if the tumor had acquired additional mechanisms of resistance, such as T790M or MET amplification. Two recent reports have described the clinical experience of using erlotinib following gefitinib failure in Asian patients. The first was a phase II trial of erlotinib 150 mg/d in patients with either primary or acquired resistance to gefitinib (41) . In the initial report, none of the EGFR mutated patients had a radiographic response to erlotinib. All of the EGFR mutated patients from that study were included in our analysis and we report updated clinical data in their response to both gefitinib and erlotinib. The second study evaluated 14 unselected patients that had failed gefitinib, and 5 harbored EGFR mutations (51) . Of the EGFR mutated patients, a clinical and radiographic response was described for 2 patients after exposure to erlotinib. However, in 1 of these cases, the patient progressed on erlotinib within the first 2 months of therapy. In the 5 EGFR mutated patients, the time to progression on erlotinib averaged 3 months, whereas the initial time to progression on gefitinib exceed 8 months (51) . No molecular data were available for these patients after progression on gefitinib. Anecdotal reports of the use of erlotinib after failure of gefitinib have been published by many investigators (52 -57) and recently summarized by one of us (58) . Combining all reports and the data presented here by us, it seems that most of the patients that harbored an EGFR mutation, when the genotype was available, did not benefit significantly from erlotinib after they had received and progressed on gefitinib. In almost all patients that harbored an acquired T790M mutation after gefitinib, rapid progression was noted on erlotinib.
However, we cannot exclude the possibility that continued EGFR inhibition, either with the original EGFR TKI or with a different anilinoquinazoline, benefits EGFR mutant patients. The readministration of gefitinib or erlotinib in previously responsive patients that show radiographic progression has been reported to improve symptoms and the clinical course of patients (59, 60) , suggesting a role for continued TKI use Table 3 . Response and PFS of EGFR mutated g e f i t i n i b -r e s i s t a n t p a t i e n t s o n e r l o t i n i b monotherapy to control the non-TKI-resistant clones of these ''oncogeneaddicted'' cancers. Indeed, in our cohort of patients, we noted that patients with acquired resistance to gefitinib had modestly longer PFS on erlotinib than the ones that had de novo resistance, indicating that perhaps, in EGFR mutated patients with a prior response to TKIs, control of nonresistance clones is achievable and may improve clinical outcomes. Ongoing phase II randomized trials are attempting to confirm if maintaining some form of EGFR TKI therapy in addition to other lines of therapy is better than placebo in EGFR mutated patients with resistance to gefitinib or erlotinib.
Initial steps have begun to use preclinical data for rationale design of clinical trials of patients with acquired resistance to gefitinib or erlotinib. Our groups have shown that some irreversible and second-generation EGFR inhibitors in vitro can partially overcome the T790M mutation (22, 38, 46, 61) . This knowledge has spawned phase II trials of the HKI-272 (ClinicalTrials.gov identifier: NCT00266877), BIBW-2992 (ClinicalTrials.gov identifier: NCT00656136), and XL-647 (ClinicalTrials.gov identifier: NCT00522145) compounds in this selected patient population. However, in recent in vitro cell line models and in vivo mouse models, HKI-272 used at doses achieved in the phase I clinical trial (62) actually induced the acquisition of EGFR-T790M (63) or was ineffective generating a radiographic response in L858R-T790M tumors (64) . Thus, it is possible that at the achievable clinical concentrations of this, and other novel EGFR inhibitors, T790M will still not be inhibited. Continued development of alternative EGFR inhibitors that have a better profile against EGFR mutated tumors with T790M, such as PF00299804 (65) , and development of MET inhibitors may one day help circumvent acquired resistance to EGFR-targeted therapy.
In summary our data indicate that, in EGFR mutated patients with acquired resistance to gefitinib at 250 mg/d, a switch to erlotinib at 150 mg/d does not lead to radiographic responses in most patients despite the higher biologically active dose of erlotinib (36, 37). The PFS was also short in these erlotinibtreated patients with a median of 2 months. These findings were expected, because preclinical models indicated that the two most common mechanisms of acquired resistance to gefitinib, EGFR-T790M and MET amplification, are highly resistant to achievable clinical concentrations of erlotinib (22, 23, 26, 27) . As expected from our preclinical models, the only patient that achieved a radiographic response harbored the borderline resistant L858R-L747S mutation, which, similar to L858R-D761Y, can be overcome by increasing concentrations of either gefitinib or erlotinib at 150 mg/d (24, 28, 29) .
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